Abstract -This paper shows that a comprehensive multivariable approach of autopilot design that mixes sliding mode and PID leads to robustly satisfactory results for underwater mobile robot. The 6-DOF linear equations of motion can be divided into three subsystems for speed control, steering, and diving. The sliding mode algorithm is designed for steering control and PID is used for diving and speed control. The mixed design of autopilot is proposed here for the combined control of underwater robot steering, depth and speed during complex flight maneuvers. A series of simulations based on the dynamics of an underwater robot illustrate the validity of the concept.
INTRODUCTION
Nowadays, there has been a growing interest in the development of advanced underwater mobile robots for operations at sea. Underwater mobile robots is also named as autonomous underwater vehicles (AUVs), which allows access to otherwise unreachable regions and can, in principle, simplify the tasks of acquiring ocean data fast and cost effectively without placing human lives at risk. Envisioned missions include environmental monitoring, underwater inspection of estuaries and harbors, pipeline inspections, geological and biological surveys, marine habitat mapping, etc. Underwater vehicles performing coupled maneuvers at some speed are known to be highly nonlinear in their dynamics and kinematics [1] .
For an AUV moving underwater, several uncertain environments lead to its dynamic mathematical model. One of the key ideas that emerge in the field of modern control is the use of optimization and optimal control theory to give a systematic procedure for the design of feedback control systems, as explained in [2] . For example, in the case of linear systems with full state measurements, the linear quadratic regulator (LQR) approach provides one of the most useful techniques for designing state feedback controllers. Also, in the case of linear systems with partial information, the linear quadratic Gaussian (LQG) stochastic optimal control formulation provides a useful technique for the design of multivariable output feedback controllers. Optimal state estimation (Kalman filtering) can be used to realize the control in the case when not all states are measured. For instance, the LQG/LTR (loop transfer recovery) design methodology has been applied to underwater vehicles [3] . Loop shaping techniques, like the LQG/LTR design methodology, allow the designer to deal with robustness issues in a systematic manner. Moreover, robust stability (RS) can be guaranteed if bounds on the uncertainties are known. However, robust performance (RP) is still an unsolved problem. A linear controller design can be checked for RP by performing a structured singular value analysis. In the technical literature [4] , this technique is often referred to as the analysis technique.
It is the robustness of control of AUV's operating in a range of speed that needs to be addressed, and is the subject of this work. This paper shows that a comprehensive multivariable approach of autopilot design that mixes sliding mode and PID leads to robustly satisfactory results for flight vehicles. This paper proposes the mixed uses of both sliding mode and PID autopilot for the combined control of underwater robot steering, depth and speed during complex flight maneuvers. The approach leads to a set of separate designs for steering, diving and speed control systems and the related force distribution law. A series of simulations based on the dynamics of an underwater robot illustrate the validity of the concept. This paper contains a discussion of the vehicle modeling, the sliding mode control and PID control designs, and the results of computer simulation under conditions of parameter mismatch. The design of an autopilot for the control of underwater robots is of interest both from the view of motion stabilization as well as maneuvering and tracking performances. It is the robustness of control of robot's operating in the varied speed that needs to be addressed. This work shows that a comprehensive mixed approach involving sliding and PID to autopilot design leads to robustly satisfactory results for robots over a continuous varying speed range.
II. MODELING OF UNDERWATER MOBILE ROBOT
When analyzing the motion of marine vehicles in six degrees-of-freedom (6 DOF), it is convenient to define two coordinate frames as indicated in Fig. 1 . The moving coordinate frame 0 0 0 X Y Z is conveniently fixed to the vehicle and is called the body-fixed reference frame. The origin 0 of the body-fixed frame is usually chosen to coincide with the center of gravity (CG) when the CG is in the principal plane of symmetry or at any other convenient point if this is not the case. The motion of the body-fixed frame is described relative to an inertial reference frame. For marine vehicles, it is usually assumed that the accelerations of a point on the surface of the Earth can be neglected. Indeed, this is a good approximation since the motion of the Earth hardly affects low-speed marine vehicles. As a result of this, an earth-fixed reference frame xyz can be considered to be inertial. This suggests that the position and orientation of the vehicle should be described relative to the inertial reference frame while the linear and angular velocities of the vehicle should be expressed in the body-fixed coordinate system. The different quantities are defined according to [5] , as indicated in Table I . Based on this notation, the general motion of a marine vehicle in 6 DOF can be described by the following vectors:
Here,η denotes the position and orientation vector with coordinates in the earth-fixed frame, v denotes the linear and angular velocity vector with coordinates in the body-fixed frame, andτ is used to describe the forces and moments acting on the vehicle in the body-fixed frame.
For marine vehicles, the six different motion components are conveniently defined as surge, sway, heave, roll, pitch, and yaw, as can be seen in Table I . The nonlinear AUV equations of motion can be represented both in the body-fixed and the earth-fixed reference frames as shown in Section II-A. The body-fixed vector representation is as follows:
where M is the inertia matrix (including added mass);
( ) C v is the matrix of Coriolis and centripetal terms (including added mass); ( ) D v is the damping matrix; ( ) g η is the vector of gravitational forces and moments;
τ is the vector of control inputs; and
where ( ) J η is a transformation matrix. The 6-DOF linear equations of motion can be divided into three noninteracting (or lightly interacting) subsystems for speed control, steering, and diving. Each system has the following state variables: -speed system state:u ; -steering system states:r,Ψ and Ψ I ; -diving system states:q,θ,z and z I .
The rolling mode, that is, p and , is left passive in this approach. A chart of the underwater robot can be seen in Fig. 2 . There are four horizontal rudders and rotatable propellers. They are combined in the way of linage. The mathematical model and specifications of the robot are given as below. With the previous configuration, the three subsystems can be controlled by means of four single-screw propellers with revolutions n 1 ,n 2 ; steering/turning are controlled by a rudder with deflection β v and stern propellers with different revolutions; depth and pitch angles are controlled by port and starboard bow planes and a stern plane with deflections β b and β s , respectively [6] . This particular choice of actuators is inspired by those used in flight and submarine control. Of course, other combinations of control surfaces, thrusters, etc., can be used to control the aforementioned systems. In this section, the model of an AUV dynamics is presented for the motions in vertical and lateral planes. The diving system states are the heave and pitch velocities, respectively, the pitch angle, and the position. The steering system states are the sway velocity, yaw rate, heading angle, and lateral position. The sliding mode control is used for steering control and PID control is used for diving and speed control. The linearized steering system dynamics are given by the following system [7] :
where the subscript i means integral in this paper. According to hydrodynamic parameters of the robot, the values to place the sliding poles of the steering system arbitrarily at [-0.1 -0.2 0] becomes 
The linearized speed system dynamics are given by the second-order system
According to hydrodynamic parameters of the robot and let d u is the objective speed, 
The linearized diving system dynamics are given by the system of equations ω=Aω+bτ M (8) where [ ] 
IV. SIMULATION EXPERIMENTS AND RESULTS
The given figures illustrate the performances of presented approach for motion controls of steering, diving and speed in a particular robot from 0.8 knot to 2 knot. What is manifest is that the controlled variable has changed stably during the period of response time. The heading represented by red lines in fig.3 and fig.4 starts at 90°and ends at 180°. The responding times are less than 35 seconds and the overshoots are no more than 1.5%. The depth response represented by blue lines in fig.5 and fig.6 varies from 30m to 45m and 45 to 30m successively with a smoothing pitch control motion. The greatest overshoot at 45m is below 8%, while there is almost no overshoots at lower depth. Nevertheless, all the other controlled variables keep stable during the motion. It ought to be noticed that the control law and parameters are same between 0.8 knot and 2kont. Fig.3 The steering control performance using PID at 0.8 knot Fig.4 The steering control performance using PID at 2 knot Fig.5 The diving control performance using sliding mode at 0.8 knot Fig.6 The diving control performance using sliding mode at 2 knot V. CONCLUSION
In conclusion, the use of sliding mode methods has been shown to provide nice performance of underwater vehicle autopilots when designed separately for speed control, steering, and diving activity. This paper contains a discussion of the vehicle modeling, the sliding mode control and PID control designs, and the results of computer simulation under conditions of parameter mismatch. Furthermore, the method of steering control is suitable for a wide variety of nonlinear control problems, which may be implemented using a linearized model for the sliding surface coefficient design, such as trajectory tracking, path following and navigation [8] ..
